The branch bag method was used to monitor photosynthesis and transpiration of trembling aspen (Populus tremuloides Michx.) and hazelnut (Corylus cornuta Marsh.) over a 42-day midsummer period in 1996, as part of the Boreal Ecosystem-Atmosphere Study (BOREAS). During the same period, daytime measurements of stomatal conductance (g s ) and leaf water potential (Ψ leaf ) were made on these species, and sap flow was monitored in aspen stems by the heat pulse method. Weather conditions during the study period were similar to the long-term average. Despite moist soils, both species showed an inverse relationship between daytime g s and vapor pressure deficit (D) when D was > 0.5 kPa. Daytime Ψ leaf was below -2 MPa in aspen and near -1.5 MPa in hazelnut, except on rainy days. These results are consistent with the hypothesis that stomatal responses are constrained by hydraulic resistance from root to leaf, and by the need to maintain Ψ leaf above a minimum threshold value. Reductions in g s on sunny afternoons with elevated ambient D (maximum 2.3 kPa) were associated with a significant decrease in photosynthetic rates. However, day-to-day variation in mean carbon assimilation rate was small in both species, and appeared to be governed more by solar radiation than D. These results may be generally applicable to healthy aspen stands under normal midsummer conditions in the southern boreal forest. However, strong reductions in carbon uptake may be expected at the more extreme values of D (> 4 kPa) that occur during periods of regional drought, even if soil water is not locally limiting.
Introduction
Trembling aspen (Populus tremuloides Michx.) is the most widely distributed tree species in North America (Perala 1990) . It is also the most abundant deciduous tree species in the western Canadian boreal forest, where it is important both ecologically and commercially (Peterson and Peterson 1992 ).
However, there are concerns that if the climate of this region becomes warmer and drier, aspen productivity may decline over large areas of western Canada (Zoltai et al. 1991 , Hogg and Hurdle 1995 , Hogg 1999 .
One of the mechanisms by which aspen growth may be reduced is through decreases in stomatal conductance (g s) during periods with low soil water and high vapor pressure deficit (D) . Previous studies of sap flow in aspen showed that daytime transpiration rates (E) remain remarkably constant when D exceeds 1 kPa. Under aerodynamically well-mixed conditions during the day, when the decoupling coefficient (Ω) is low , E is nearly proportional to gsD. This implies that when D is greater than 1 kPa, aspen gs varies inversely with D, even when soil water is not locally limiting . Thus, high D should lead to reductions in aspen gs and a corresponding decrease in net assimilation rate (as shown by Dang et al. 1997 ). This may partially explain why aspen productivity is much lower in the parkland zone, a warmer and drier vegetation zone located between the boreal forest and the prairies of western Canada (Hogg and Hurdle 1995) .
Boreal aspen forests in the region often have a luxuriant growth of understory vegetation. At the BOREAS Old Aspen site in Saskatchewan, Canada, a dense understory shrub layer dominated by hazelnut (Corylus cornuta Marsh.) contributes 25% of total ecosystem evapotranspiration ) and 32% of gross ecosystem photosynthesis (Black et al. 1996) . Thus, the understory is an important component that must be included when examining forest-atmosphere interactions and forest ecosystem responses to variation in weather and climate.
The objective of this study was to examine ecophysiological responses of the aspen overstory and hazelnut understory to weather variation at the BOREAS Old Aspen site. Specifically, we postulated that, under typical midsummer conditions in the southern boreal forest, net photosynthesis (An) in both species is significantly limited by reductions in gs on days with high D. One of the proposed mechanisms is that stomatal responses are constrained by hydraulic conductance from root to leaf, because of the need to maintain leaf water potential (Ψleaf) above a minimum threshold value, below which xylem cavitation might occur (Tyree and Sperry 1988 , Sperry and Pockman 1993 , Hubbard et al. 1999 . Thus, we also examined the hypothesis that Ψleaf should remain near a constant minimum value when D increases beyond a threshold (about 1 kPa in aspen).
We used several methods to examine ecophysiological responses of aspen and hazelnut to changes in D. The branch bag technique (Dufrêne et al. 1993 ) was used as an automated method of monitoring changes in half-hourly and daily mean An, E and g s of a single branch (aspen) or shrub (hazelnut). In this study, it was not feasible to replicate branch bags for each species, and we also anticipated difficulties in determining leaf boundary layer resistance for the branch bag measurements of gs. Thus, we also made more extensive, leaf-level measurements of gs during the same period, along with concurrent measurements of Ψ leaf . For these manual measurements, our approach differed from most previous studies in that we focused on obtaining daytime measurements on many different days, rather than at many different times within the same day. For aspen, the heat pulse method (Swanson 1994) was also used to monitor relative changes in E through hourly measurements of xylem sap flow in several trees, for the purpose of validating the degree to which the observed branch-level responses to D may be applicable at the tree and stand level. This study focuses on July and August 1996 of the BOREAS Intensive Field Campaign, when both aspen and hazelnut exhibited near-maximum leaf area and physiological activity.
Materials and methods
The BOREAS Old Aspen site (53°38′ N, 106°12′ W, elevation 600 m) is located within Prince Albert National Park, Saskatchewan, in the southern boreal forest of western Canada. It is in an extensive, mostly pure stand of trembling aspen (Populus tremuloides) about 80 years old and 20 m tall, with stem diameters of about 20-25 cm. The understory vegetation is dominated by beaked hazelnut (Corylus cornuta) shrubs about 2 m tall. The tree and shrub canopies each had a one-sided leaf area index (LAI) of about 2.2 in 1996 (Chen et al. 1999) . Mean monthly temperatures in the region range from -21°C in January to 17°C in July, and mean annual precipitation is about 460 mm. Leafing of the aspen and hazelnut canopies typically occurs in late May and leaf fall normally starts in late September; the period when leaves are present coincides with the season of maximum precipitation (50-80 mm per month). All measurements reported in this paper pertain to the peak summer period (July and August).
Tree-level sap flow
The heat pulse method (Swanson 1994) was used for hourly monitoring of xylem sap flow from April to October 1996 in three aspen stems at each of two locations near the main BOREAS flux tower. The first location was adjacent to the scaffold tower used for the branch bag experiment, and the second was next to a similar tower used to access the aspen canopy during leaf-level measurements. Our implementation of the heat pulse method ) uses two thermocouples placed 1.5 cm deep within the sapwood and located symmetrically 0.75 cm above and below a 5-cm-long heater. Sap flow is estimated from the ratio of the temperature increases recorded by the upper and lower thermocouple 60 s after a heat pulse of 4-s duration. In this paper we report mean hourly sap flow readings from four stems for the period July 11-August 22, 1997 (data from one stem per location were excluded because of wound-induced losses in sensitivity). In accordance with the unified nomenclature suggested by Edwards et al. (1996) Hogg and Hurdle (1997) . Crude estimates of aspen transpiration were obtained by scaling up Q s , using an estimated mean sapwood to ground area ratio of 0.0025 at this site .
Branch-level measurements
Rates of transpiration (E) and net photosynthesis (A n ) were monitored by the branch bag technique (Dufrêne et al. 1993 , Saugier et al. 1997 . One branch bag was installed at the top of the first scaffold tower and enclosed an aspen branch at the mid-to upper-canopy level (18-m height), whereas the second branch bag enclosed a hazelnut stem that was oriented horizontally at 1-m height. Each branch bag was made from transparent materials consisting of a rigid, box-shaped acrylic frame covered with 75-µm thick polypropylene film. Both branch bags had a ratio of about 1:2:4 for height, width and length, but the aspen branch bag was slightly larger (0.256 m 3 ) than the hazelnut branch bag (0.211 m 3 ). Details of branch bag design and operation are provided by Dufrêne et al. (1993) and Saugier et al. (1997) . Briefly, the system used blower fans to maintain an air flow of 0.045 m 3 s -1 through each branch bag. During sampling, bags were closed for 5 minutes and two smaller fans were used to mix the air within the bags. Within each bag, changes in temperature and humidity were measured with Vaisala HMD 30YB probes (Vaisala OY, Helsinki, Finland) that were shielded from radiative heating by a white hood. Photon flux density of photosynthetically active radiation (PAR) was monitored with calibrated gallium arsenide sensors (Pontailler 1990 ) mounted within each branch bag above the foliage. Concentrations of CO 2 were monitored in air pumped from each branch bag over a distance of about 18 m through polyamide tubing (Legris, Rennes, France) to a Li-Cor 6262 (Li-Cor, Inc., Lincoln, NE) infrared gas analyzer (IRGA) mounted at the base of the tower. A CR10X data logger (Campbell Scientific, Logan, UT) was used to record measurements, control fans, and switch the air flow between the two branch bags to the IRGA. The IRGA was periodically zeroed and spanned against soda lime and a 326 ppm CO 2 standard.
Measurements from each branch bag were made over a 5-min period every half-hour, beginning at 5 and 35 min after the hour for the aspen branch bag and 20 and 50 min after the hour for the hazelnut branch bag. Temperature, humidity, PAR and CO 2 concentration within the bag being monitored were recorded every 20 s during each measurement period.
Calculations of E and A n were based on changes in water vapor and CO 2 concentration in the bag over a period of 140 s, beginning 20 s (water vapor) or 40 s (CO2) after bags were closed (the latter to allow for the time required to pump air from the branch bags to the IRGA). Concentrations of ambient CO 2 increased significantly at night, especially in the hazelnut branch bag (> 500 ppm), but were usually near 350 ppm at the start of daytime measurements (diurnal CO 2 profiles for this site are shown in Brooks et al. 1997) .
Branch bags were installed in late May 1996, before spring leafing of both species. However, few useful data were obtained initially because of power outages, instrument problems, and breakage of the first aspen branch during a severe thunderstorm in June. The aspen branch bag was reinstalled on a new branch in early July, and both systems were fully operational over a 42-day period from July 11-August 22, 1996 (day of year (DOY) 193-235), with the exception of a 3-day wet period following an additional power outage.
Portions of three branches of aspen or hazelnut adjacent to each branch bag were sampled for leaf lengths and widths on July 11 and August 5. No changes in leaf size or number were detected. The number of leaves enclosed in each bag (181 aspen leaves, 177 hazelnut leaves) varied by < 5% over the full 42-day period. On August 22, all leaves in each branch bag were collected and their areas were measured with a Model 3100 leaf area meter (Li-Cor , Inc.). One-sided (projected) leaf areas contained in the aspen and hazelnut branch bags were 0.266 m 2 and 0.357 m 2 , respectively. Half-hourly rates of transpiration and photosynthesis were determined by subsequent data processing. Water vapor pressure and D were calculated from the temperature and relative humidity readings while bags were closed. The transpiration rate within the closed branch bag (E′), expressed on a one-sided leaf area basis (mol m -2 s -1 ), was determined as the molar rate of increase in water vapor over the 140-s measurement period, based on bag volume and temperature. Total leaf conductance to water vapor (g t ) was then determined from E′ and mean D within the branch bag during the same measurement period. For the estimates of g t , it was assumed that leaf temperature was equal to the air temperature measured within the branch bag, as a result of air mixing by the fans. The half-hourly transpiration rate (E) immediately before branch bag closure was then estimated from g t and the initial value of D at the time of bag closure. Boundary layer conductance (g b) was estimated (Jones 1992, equation 3.31 ) to be about 600 mmol m -2 s -1 , based on an estimated mean wind speed of 0.25 m s -1 from the two mixing fans, and mean leaf dimensions of 4-5 cm. Stomatal conductance (gs) was estimated as
Net photosynthetic rates (A n , µmol m -2 s -1 ) were determined from leaf area (one-sided) and the molar rate of decrease in total CO 2 within each bag, based on bag volume and the IRGA measurements of CO2 concentration in the dried air being sampled (ppm by volume). Corrections were made for temperature, vapor pressure and mean atmospheric pressure at the site (94 kPa).
Leaf-level measurements
Leaf-level stomatal conductance (g s ) of aspen and hazelnut was measured on most days from July 12 to August 9, 1996, with an LI-1600 porometer (Li-Cor, Inc.). Measurements were made at various times between 0930 and 1830 h local time (mean solar noon at the site occurs at 1305 h), although most were taken between 1200 and 1600 h. Leaf-level measurements on aspen were made at the mid-to upper-canopy level (18-m height) from the top of a scaffold tower, and measurements on hazelnut were made at various locations ( for 20°C and 94 kPa pressure at the study site. Leaf water potential (Ψ leaf ) was measured concurrently with the conductance measurements on 10 of these days. Single leaves were cut near the base of the petiole, and Ψ leaf was measured within 60 s with a Scholander pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA). A hand lens was used to observe the first emergence of sap from the xylem as the pressure was increased. For aspen, each cut leaf was immediately placed into a clear plastic bag, together with a small piece of moistened sponge (no free water present). The bag was then fastened to a metal loop so that it would slide rapidly down a rope to be received by a second person on the ground making the measurements of Ψ leaf on both species.
Environmental measurements
Values of ambient D were calculated from half-hourly means of temperature and relative humidity at the main flux tower. These measurements were made at heights of 1 m and 18 m, which correspond to the respective heights of the hazelnut and aspen branch bags. These and other environmental variables, including solar radiation, precipitation and soil water, were monitored at the site as described by Black et al. (1996) and Blanken et al. (1997) . Responses of leaf g s and water potential were analyzed, based on the mean ambient D observed during the same 0.5-h period. Aspen sap flow readings were analyzed by plotting them against mean D (18-m height) over the previous 2-h period to compensate for diurnal changes in water storage within the stems .
Results and discussion

Weather and microclimate
During the 42-day study period of July 11-August 22, 1996, weather conditions were similar to the long-term (1890-1996)
TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com RESPONSES OF TREMBLING ASPEN AND HAZELNUT TO VAPOR PRESSURE DEFICITaverage, based on records from the nearest climate station at Prince Albert, 60 km SE of the study site. During the study period, mean temperature at Prince Albert was 0.2°C above the long-term mean of 17.2°C, whereas total precipitation was 2 mm above the long-term mean of 79 mm. At the Old Aspen site, weather conditions during the study were slightly cooler (16.5°C mean temperature) and wetter (95 mm rainfall), as would be expected at its higher elevation (600 m) relative to Prince Albert (428 m). Rain occurred at the site on 24 of the 42 days, causing soils to remain moist throughout the period. Soil matric potential at the 46-cm depth, within the rooting zone of the trees (Black et al. 1996) , remained greater than -0.06 MPa until late August. Mean daily global solar radiation observed at the site was 18.8 MJ m -2 day -1 during the period, which is slightly less than the long-term mean of 19.7 MJ m -2 day -1 estimated for July and August in Prince Albert (McKay and Morris 1985) .
Differences in microclimate were observed at the two measurement heights corresponding to the aspen canopy (18 m) and the hazelnut canopy (1 m). During the study period, mean daily maximum D was greater at the 18-m height (1.26 kPa) than at the 1-m height (1.00 kPa), whereas 24-h mean D was nearly twice as high (0.57 and 0.31 kPa at 18 m and 1 m, respectively). Ambient temperatures were similar at the two heights (mean daily maximum and minimum temperatures of about 21°C and 11-12°C), so that differences in D primarily reflected differences in vapor pressure. Despite a large air flow through the branch bags, mean daily maximum temperature was about 3°C and 0.5°C warmer than ambient in the aspen and hazelnut branch bags, respectively. For the aspen branch bag, this resulted in greater mean daily maximum D within the bag (1.61 kPa) compared to that outside the bag. Because of its mid-canopy position, the 24-h mean PAR within the aspen branch bag was 210 µmol m -2 s -1 , or about 50% of the mean value recorded above canopy, whereas mean PAR within the hazelnut branch bag was only 45 µmol m -2 s -1 .
Leaf-level conductance and water potential
Considerable variation was noted in g s and Ψ leaf among the several leaves of each species that were measured daily, usually within a period of about 0.5-1 h (Figures 1 and 2) . However, patterns of response to D became evident when measurements from the different days were pooled together. Both species showed significant, inverse relationships between gs (mmol m -2 s -1 ) and D (kPa), based on porometer measurements with ambient D > 0.5 kPa (Figure 1 ). For aspen, the following inverse relationship was obtained for measurements with incident PAR > 800 µmol m -2 s -1 (i.e., the range over which changes in PAR should have little effect on aspen gs 
Linear regressions of the form g s = a -bD (not shown) yielded comparable r 2 values for aspen (r 2 = 0.49) and hazelnut (r 2 = 0.41). If applied beyond this data set, however, these linear regressions would give unrealistic (i.e., negative) estimates of g s (and thus E) at D > 3.0 kPa for aspen and D > 2.1 kPa for hazelnut. In both species, the magnitude of g s was generally smaller at low PAR, but there was evidence of an inverse relationship with D (Figure 1) . These results are consistent with previous eddy correlation measurements made at the same site in 1994 ), and with leaf-level field measurements of aspen g s in the BOREAS Northern Study Area (Dang et al. 1997 ). An inverse relationship between g s and D was predicted earlier , based on sap flow measurements on aspen at this site and at a drier site located 100 km to the south in the aspen parkland, where D ranged as high as 4.8 kPa.
Daytime measurements of Ψleaf in both aspen and hazelnut decreased linearly as ambient D increased to about 1 kPa (Figure 2) . However, for measurements with ambient D > 1.1 kPa, no significant relationship between Ψleaf and D was detected in either species, and the bilinear equations plotted in Figure 2 , with constant Ψ leaf for D > 1.1 kPa, gave a better fit to the data (r 2 = 0.76 for aspen and 0.69 for hazelnut) than simple linear equations (r 2 = 0.66 and 0.61). The bilinear equations also performed slightly better than inverse or exponential equations (r 2 = 0.74-0.75 for aspen and 0.60-0.66 for hazelnut). Thus, on days with D > 1.1 kPa, the magnitude of daytime mean Ψleaf was typically between -2 and -2.5 MPa for aspen, and near -1.5 MPa for hazelnut.
These results are consistent with the hypothesis that stomata operate to maintain Ψleaf above a minimum threshold during periods of high D. Blake et al. (1996) estimated that for Populus tremuloides, stem xylem pressures below -2.4 MPa would cause runaway cavitation (embolism). Cavitation responses in water-stressed stems and branches of this species were found to cause 50% decreases in hydraulic conductivity at pressures between -2 to -3 MPa. Comparable measurements have not been conducted on hazelnut, but two species of alder (Alnus crispa (Ait.) Pursh and A. incana (L.) Moench) with a growth form similar to hazelnut have been found to show cavitation-induced losses of hydraulic conductivity during water stress, with a 50% decrease observed at about -1.5 to -2 MPa (Sperry et al. 1994 ). Thus, in both aspen and hazelnut, cavitation avoidance may be an important factor leading to reductions in gs when D is high. However, the variation in Ψ leaf among individual leaves was greater than expected, indicating that other factors (e.g., leaf position, variation in PAR and A n , and transient effects of wind on g b) also influence water relations at the leaf level.
Branch-level conductance
Branch bag measurements of gas exchange often showed considerable variation during the day, even during the relatively sunny period from July 12-16 (Figure 3) . Much of this variation reflected short-term changes in PAR within each branch bag, because of cloud cover and shading by vegetation above each bag. Such temporal variation makes general patterns difficult to detect visually, although afternoon reductions in total conductance to water vapor (g t ) were evident on all 5 days.
High variability in gt was evident when half-hourly values were plotted against vapor pressure deficit within each branch bag (D′), especially at low values of D, where gt appeared to be strongly influenced by PAR (Figures 4 and 5) . Both species showed evidence of an inverse relationship between gt and D′, when measurements taken at low D′ (< 0.5 kPa) or low PAR (< 800 µmol m -2 s -1 for aspen; < 200 µmol m -2 s -1 for hazelnut) were excluded: These equations have larger coefficients, and for aspen, a notably larger r 2 , compared to those based on g t (Equations 3 and 4). However, estimated branch-level g s was still smaller than the porometer measurements of leaf-level g s . Porometer measurements on several leaves within each branch bag (after bags were opened) showed that leaf g s was within 10-20% of that of adjacent leaves outside the bags (data not shown). Thus, the observed differences in magnitude between estimated leaf-and branch-level g s did not appear to reflect changes in leaf responses from chronic enclosure within branch bags. The smaller values of branch-level g s are to be expected because for branch bags, incident PAR on many of the leaves was reduced by shading within the branches. However, the difference could also reflect errors in our estimate of g b , and also in the assumption that air and leaf temperatures are the same within branch bags during measurement periods.
Branch-level photosynthesis
Net photosynthetic rates (A n ) within branch bags were governed primarily by PAR ( Figure 6 ). The relationships between A n and incident PAR indicated apparent quantum yields (α) of 0.036-0.040 for aspen and 0.039-0.044 for hazelnut. These values are only slightly smaller than the overall value (α = 0.0044) obtained from a recent global synthesis of instantaneous CO 2 flux measurements over a wide variety of vegetation canopies (Ruimy et al. 1995) . Data scattering in Figure 6 is partly because PAR was measured with a single sensor that could not capture all of the spatial variability in PAR across each branch. At high PAR, the typical magnitude of An was much greater for aspen (8-12 µmol m -2 s -1 ) than for hazelnut (3-4 µmol m -2 s -1 ). However, the difference appears to be mainly attributable to the expected adaptations of shade leaf morphology to low ambient PAR (e.g., Niinemets et al. 1998) , notably increased leaf area per unit dry leaf mass (specific leaf area; SLA), with associated decreases in leaf thickness and chlorophyll content per unit leaf area. For hazelnut, mean SLA of leaves within the branch bag was nearly 2.5 times greater (23.5 m 2 kg -1 ) than that recorded for aspen (9.5 m 2 kg -1 ). Thus, maximum An for the two species would be comparable if expressed on a dry mass basis.
The apparent saturation of hazelnut An at relatively low irradiance (PAR > 200 µmol m -2 s -1 ) appears to be consistent with results reported elsewhere for shade-tolerant, understory species (e.g., Harbinson and Woodward 1984) . For aspen, the magnitude of An showed no further increase for PAR > 800 µmol m -2 s -1 in aspen. Under these conditions of relatively high PAR, An of the aspen branch showed a significant negative relationship to D′ (t = -6.42, P < 0. Based on this relationship, aspen A n decreased by 31% (SE ± 5%) over the observed range of D′ (0.4-2.9 kPa). In general, increases in D resulted in a smaller proportional decrease in A n , compared with the roughly 3-fold decrease expected for g s over this range of D. Similar results were obtained from leaf-level gas exchange measurements conducted on trembling aspen by Dang et al. (1997) , who also found that intercellular CO 2 (C i ) decreased by about 50% with increasing D, up to about 3 kPa. Thus, at high D, A n is reduced somewhat because of low C i , but the proportional reduction is less than for g s because stomata are only one component of the total resistance pathway for CO 2 uptake. For hazelnut, there was no significant relationship (t = -0.19, P > 0.5) between An and D′ for PAR > 200 µmol m -2 s -1 , probably because of the more humid conditions in the hazelnut branch bag (maximum D′ = 1.7 kPa).
Hourly responses of aspen sap flow
In a previous study at this site in 1994 , daytime sap flow and transpiration of the aspen overstory were found to increase linearly with D up to about 1 kPa, but remained relatively constant at larger values of D (1-2.5 kPa). The same pattern of response was observed at a drier site in the aspen parkland , but over a much wider range of D (1-4.8 kPa). In the present study, similar relationships were obtained when all daytime measurements of aspen transpiration, based on either hourly sap flow (Q s ) or branch-bag measurements (E), were plotted against ambient D (Figure 7) . Aspen transpiration showed no significant sensitivity to D (P > 0.05) with either method for D > 1.1 kPa. At the branch level, however, the hourly measurements of E when PAR was greater than 800 µmol m -2 s -1 were insensitive (P > 0.05) over a wider range of D (> 0.5 kPa), as would be expected from the aspen conductance relationships with D (Equations 1, 3 and 5).
Total daily mean transpiration and photosynthesis
Although we used only one branch bag per species, comparisons with other measurements indicated that the pattern and magnitude of E and A n were representative of stand-level responses. For aspen, the temporal pattern of daily, 24-h means of E by the branch bag method was strongly correlated (r 2 = 0.80) with the pattern based on sap flow (Figure 8 ). The pattern of daily hazelnut E from the branch bag measurements was similar to that obtained for aspen (r 2 = 0.86 for correlations with aspen using either method), but the mean magnitude of hazelnut E (0.153 mmol m -2 s -1 , leaf area basis) was only about 26% of that measured for aspen (0.584 mmol m -2 s -1 ). Based on an aspen LAI of 2.2 for this stand, a crude scaling up of mean E from the aspen branch bag over the 42-day period of measurement would give a mean stand-level E of TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com 2.0 mm day -1 , which is comparable to the estimated standlevel E of 1.8 mm day -1 , based on scaling of sap flow measurements. Scaling up mean E from the hazelnut branch bag (hazelnut LAI = 2.2) would give an estimated stand-level E of 0.52 mm day -1 for this species, so that the total mean E based on both branch bags would be about 2.5 mm day -1 . This value is comparable to the mean daily water vapor flux of 3.2 mm day -1 that was obtained from above-canopy, eddy correlation measurements at this site over the same 42-day period, especially considering that the latter also includes evaporation of intercepted rainfall.
In both species, there was much day-to-day variation in E that was strongly related to variation in mean ambient D during the day (Figure 9 ). These relationships are similar to those obtained for aspen at the same site by Hogg et al. (1997) , based on a combination of sap flow and eddy correlation methods.
The temporal patterns in 24-h mean An were similar between the aspen and hazelnut branch bags (r 2 = 0.67), and showed less day-to-day variability compared with E (Figure 8 ). For aspen, the greatest reductions in mean An and E were recorded on cloudy days (Figure 9 ), especially on the three days with the lowest PAR (DOY 209, 217 and 230, excluding a period of instrument failure from . Hazelnut An showed a similar pattern, but the mean magnitude (1.02 µmol m -2 s -1 ) was only 29% of that measured for aspen (3.51 µmol m -2 s -1 ), because of low PAR in the understory. Crude scaling up of An from the two branch bags (as conducted above for E) would yield an estimate of about 10 µmol m -2 s -1 (ground area basis) for total stand-level An, which is similar to the estimated stand-level photosynthetic rate of 9.5 µmol m -2 s -1 for the same period based on eddy correlation measurements at this site (Chen et al. 1999) . Overall water-use efficiency (WUE) was slightly greater (6.7 mmol CO 2 mol -1 H 2 O) in the hazelnut branch bag than in the aspen branch bag (6.0); in both species, WUE was greater at low D (not shown).
On days with above-average PAR, no significant relationships were detected for either species between daily mean A n and mean ambient D at the 18-m height during the day (Figure 9) . Even on the two days with highest mean daytime D (1.5-1.6 kPa on DOY 215 and 227), when daytime maximum D exceeded 2.0 kPa, there was only a slight indication of reduced A n in the two branch bags. However, ambient D within the understory canopy was considerably smaller than that recorded at the 18-m height, with mean daytime D of only about 1.1 kPa (maximum 1.7 kPa) on these two days. For the forest as a whole, similar relationships were obtained from eddy correlation measurements at the same site (Chen et al. 1999) ; during two years (1994 and 1996) , estimated daily photosynthetic rates decreased only slightly on the warmest summer days when D was highest.
Similarities in overstory and understory responses
Despite the large differences in growth form (notably height) and microclimate (e.g., PAR and D) between the aspen and hazelnut canopies, the patterns of gas exchange and ecophysiological responses were similar. Both canopies showed an approximately inverse relationship between g s and D, which resulted in relative insensitivity of both Ψ leaf and E to D when D exceeded about 1 kPa. Although high D was associated with significant decreases in half-hourly A n within the aspen branch bag, this effect was not detected in hazelnut, presumably because of the more humid environment within the understory. Even for the aspen, however, the effect of high D on A n was not noticeable when expressed on the basis of daily totals. This is partly because at high D, the proportional decrease in A n is less than that for g s , but also because the highest D was usually recorded in the late afternoon when PAR had already declined substantially.
Hourly patterns of E and An in both aspen and hazelnut branch bags often differed, largely because each was strongly influenced by local, shade-induced variation in PAR (Figure 3) . However, the similarities in response between the two species were apparent when daily means were plotted against time (Figure 8) , and the temporal pattern of daily E from the sap flow measurements was similar to that observed from each of the two branch bags. As in an earlier study at the site in 1994 , the temporal pattern of daily E based on eddy correlation measurements in 1996 (not shown) corresponded closely to that based on sap flow (r 2 = 0.77), and was also similar to the temporal pattern of daily E for each branch bag (r 2 = 0.67 and 0.73 for aspen and hazelnut, respectively). Thus, the branch bag measurements should give a reasonable indication of the daily, stand-level pattern of response to environmental conditions. Nevertheless, for future studies of this 732 HOGG, SAUGIER, PONTAILLER, BLACK, CHEN, HURDLE AND WU TREE PHYSIOLOGY VOLUME 20, 2000 Figure 9 . Daily, 24-h means of branch bag transpiration (E) and photosynthesis (A n ) for aspen and hazel, and aspen sap flow (Q s ), plotted against mean ambient vapor pressure deficit (D, 18-m height) during the day (0700-1900 h local time). Solid symbols indicate days when mean daytime PAR in the aspen branch bag was above the mean for the measurement period (> 408 µmol m -2 s -1 ).
type, we would recommend that several replicate branch bags be used for each species monitored.
Implications for larger-scale responses
Under near-normal, midsummer weather conditions in a healthy, boreal aspen stand, ecosystem A n was not significantly limited by high D. Under these conditions, the extensive area of actively transpiring aspen forest in the vicinity of the BOREAS Old Aspen site (within 3 km) probably exerts a significant feedback that tends to place an upper limit on D in the air within and immediately above the stand (cf. Monteith 1995a Monteith , 1995b . Soil water is also not likely to be limiting in most years, because mean annual precipitation (about 460 mm) exceeds the estimated annual E of 403 mm, based on eddy correlation measurements at the site in 1994 (Black et al. 1996) . Because the BOREAS Old Aspen site is located near the southern boundary of the boreal forest, where climatic conditions are not as moist as in most areas further north (Hogg 1994 ), this conclusion is likely to be generally applicable to most aspen stands in the western Canadian boreal forest. However, during dry periods in the boreal forest, or in areas with drier conditions, high D should lead to significant reductions in CO2 uptake, because gs tends to vary inversely with D on warm, sunny days, even when soil water is not locally limiting. This inverse relationship appears to be linked to the need to maintain Ψleaf above a threshold, beyond which runaway cavitation of xylem would occur (e.g., Blake et al. 1996) . Further reductions in both gs and CO 2 uptake may be expected as soil water in the rooting zone becomes limiting. Dry soils and high D are more likely to occur in areas where annual precipitation is less than potential evapotranspiration, e.g., in the aspen parkland and prairie regions of western Canada (Hogg 1994 (Hogg , 1997 . For example, the Batoche site, located at the edge of the prairies, 100 km south of the Old Aspen site, receives less precipitation (375 mm per year) and D may exceed 4.5 kPa during the growing season. An important contributing factor to high D at such sites is sensible heat advection from surrounding grassland and agricultural land, where transpiration may be very low (e.g., before crop emergence if the soil surface and litter is dry, in late summer following maturity, or during periods of drought) (Ripley and Saugier 1978, Stewart and Verma 1992) . In these areas, forests occupy a small proportion of the landscape, which may explain why D can reach very high values, even during periods when patches of aspen with locally adequate soil water are transpiring at close to their maximum rate . Under these conditions, aspen productivity is greatly reduced (Hogg and Hurdle 1995) , and it appears that stomatal closure during periods of drought plays a major role.
